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INTRODUCTION
Colorimetric materials have been widely applied in the areas ranging from chemical sensing, [1] [2] [3] [4] [5] clinical diagnostics, 6, 7 to food industry 8 and information storage. 9 Their "readout" colours are normally determined by the aggregation state of nanoparticles, [10] [11] [12] structural change of organic dyes 13 or catalysis of enzymes, 14 etc. In the past few decades, structural colours arising from the interaction of light with photonic nanostructures have aroused great interests. [15] [16] [17] In comparison with other types of colouring, the structural coloration has obvious advantages: it is free from photochemical degradation; the colours are purer due to the comparable length scale between nanostructure spacing and reflectance wavelength of the light; 18 and more significantly, it enables the anti-interference of colorimetric detection. [19] [20] [21] Up to date, a variety of strategies including layer-bylayer manufacture, 22 semiconductor fabrication, 23 holographic lithography, 24 and self-assembly [25] [26] [27] have been developed to achieve such structural colours. Among them, monodispersed colloidal particles undergoing selfassembly into an ordered array of colloidal photonic crystal (CPC) is one of the simplest and least inexpensive methods. However, the deterioration and accumulation of damage of the CPCs during direct uses would cause severe colour loss, 28 sample contamination, or even high cytotoxicity in biological applications. 29 Hence, in practice, in order to increase their survivability, CPCs are normally embedded into diverse hydrogel scaffolds or transformed into inverted opals to form a photonic hydrogel. For instance, Asher et al. fixed susceptible crystalline colloidal arrays (CCA) within the stimuli-sensitive polyacrylamides to achieve tunable diffracting arrays. 30 Ge's group proposed the immobilisation of polycrystalline SiO2 colloidal film into the photo-polymerized poly(ethylene glycol)s (PEGs). 31 Zhang and co-workers introduced the strong polyelectrolytes into the photonic hydrogel design to enhance the interference-resistant performance. 32 Very recently, Gu et al. demonstrated the use of methacrylated gelatin (GelMA) to prepare inverse opal-structured photonic hydrogel, mimicking natural organisms. 33 On one hand, due to the high sensitivity of these photonic hydrogels to the external stimuli, diverse sensing devices have been successfully designed with response to changes in ionic strength, 20 pH, 34,35 light, 36, 37 mechanical stress, 38 temperature 39 or magnetic field. 40 On the other hand, however, the high susceptivity of photonic hydrogels causes major challenges for applications in the areas such as bar-coding and information storage where credible, consistent structural colours are generally required. Additionally, its biocompatibility together with tunable elastic properties is another major concern especially for bio-related uses, as they play important roles in diverse cell processes like growth, division, migration, differentiation, etc. However, unfortunately, up to date almost all the photonic hydrogels are fabricated through the free radical polymerization of monomers, which results in: 1) easy dissolve of the pre-formed polycrystalline colloidal films; 2) slow gelation process; 3) residual monomers which are not biocompatible; 4) difficulty in modification of the hydrogels. From this perspective of view, utilization of hyperbranched polymers (HBPs), instead of monomers, to fabricate photonic hydrogels would have unique advantages: 1) HBPs have relatively lower solubility to the pre-formed polycrystalline colloidal films; 2) can be crosslinked to form hydrogels more quickly; 3) have no residual monomers and therefore higher biocompatibility.
HBPs are a type of dendritic polymers displaying a three dimensional (3D) structure with multiple terminal groups, which afford them with a series of attractive features for diverse applications. [41] [42] [43] Of all the HBPs, the ones prepared from controlled (co)polymerization of multivinyl monomers (MVMs) have attracted significant attentions because: 1) the wide availability of MVMs and great advances in the controlled/living polymerization methods make the composition, structure and functionality of the resulting HBPs highly tunable; 2) there are multiple pendant vinyl groups in the HBPs which can be used for functionalization through a variety of chemistries such as photochemistry, thiol-ene Michael addition etc. By kinetically controlled polymerization of MVMs, our group has successfully prepared a series of HBPs with high branching degree (BD) and pendent vinyl group content via the deactivation enhanced atom transfer radical polymerization (DE-ATRP) [44] [45] [46] and reversible additionfragmentation chain transfer polymerization (RAFT). 47 These HBPs have been used in gene delivery, 48 injectable tissue engineering scaffolds 49 and wound adhesives 50 etc.
Recently, using the tetraethylthiuram disulfide (DS), a 60 years old FDA-approved anti-cancer drug, as the RAFT agent precursor, we have developed an in-situ RAFT polymerization strategy: RAFT agent is generated in-situ from the precursor to control the polymerization. 51 Utilizing this new approach, poly(ethylene glycol) methyl ether acrylate (PEGMEA), poly(methyl methacrylate) (PMMA) and poly(butyl acrylate) (PBA) with well-defined structure were synthesized. What should be noted is that the polymers synthesized from the in-situ RAFT polymerization are colourless, which would be of extra advantage for their application in optical areas. We can envisage that the in-situ RAFT polymerization can, in principal, be used to prepare HBPs from MVMs for fabrication of photonic hydrogels.
In this work, we propose the utilization of HBPs to prepare novel photonic hydrogels and demonstrate their unique properties. A hyperbranched poly(poly(ethylene glycol) diacrylate) (HB-PEGDA) was synthesized by the in-situ RAFT polymerization using DS as the RAFT agent precursor (Figure 1a) . Due to its good transparency, low viscosity and high content of vinyl groups, the HB-PEGDA can penetrate the CPC substrate easily and be crosslinked with thiolated hyaluronic acid (HA-SH, see structure in Figure S1 ) to form photonic hydrogel quickly. Importantly, the whole impregnation process does not induce significant destruction to the CPC internal structure; the compacted network structure of the HB-PEGDA maintains the structural integrity of the photonic hydrogel very well, even under complex physiological conditions. Moreover, benefited from the non-immunogenic and bio-inert poly(ethylene glycol) (PEG) and hyaluronic acid (HA), a linear glycosaminogly derived from the natural extracellular matrix (ECM), the photonic hydrogel exhibits excellent biocompatibility. In addition, functional moieties (e.g., cell adhesion molecules, CAMs) can be further introduced to the photonic hydrogels to enhance its function for specific applications.
RESULTS AND DISCUSSION

Synthesis of HB-PEGDA via the in-situ RAFT homopolymerization of MVMs
The DS mediated in-situ RAFT strategy can successfully control the polymerization of monovinyl monomers. However, its feasibility for MVMs has not been explored yet. Using DS as the RAFT agent precursor, 2'-azobis(2-methylpronitrile) (AIBN) as the initiator, the homopolymerization of PEGDA (average Mn= 700) (0. 4 . Gel permeation chromatography (GPC) was used to monitor the evolution of polymer molecular weight during the polymerization. As shown in Figure 1b and Table S1 , at the very beginning, the polymer molecular weight increased steadily with time and showed a unimodal peak with the Đ remained <1.5, which suggested that polymer chain propagation dominated at this stage because the high concentration of unreacted monomers favours the generation of linear polymeric chains with pendant vinyl groups. 52 As the reaction proceeded, significant levels of the monomer have been consumed, the propagation centers tend to react with the pendent vinyl groups on other chains, which led to intermolecular combination generating hyperbranched structures and thus dramatically increased molecular weights and broad Đ were observed. 44, 53 The recorded plots showed that the polymerization followed first order kinetics and concentration of the propagation centers remained almost unchanged (Figure 1c) , demonstrating the good control of the polymerization mediated by the in-situ formed RAFT agent from DS and AIBN. 51 To obtain HB-PEGDA with moderate molecular weight, the polymerization was stopped at 40% monomer conversion. The polymers were purified by precipitation and the chemical structures were confirmed by NMR (Figure S2-S4) . The branching ratios of the HB-PEGDA were calculated to be around 30%, indicating around 70% of the pendant vinyl ratios were remained ( Figure S3 ), which would provide multiple reaction sites for further modification. Mark-Houwink plot alpha values (α) of the representative HB-PEGDA were 0.26 and 0.18 (Figure 1d) , respectively, further demonstrating their highly branched structures. The HB-PEGDA polymers were colourless and transparent. UV-vis absorption spectra showed that ) and molecular weight distribution (Đ) versus polymerization time; d) Mark-Houwink plots of the HB-PEGDA polymers isolated at the polymerization time of 6 and 9 hours, respectively; e) UV-vis spectra of the HB-PEGDA polymers synthesized with CPDB (Sample S1) as the RAFT agent and DS as the RAFT agent precursor (Sample S2). The inset photo corresponds to their optical images.
there was no obvious absorption in the visible region (labelled as Sample S2 in the inset of Figure 1e ). In contrast, HB-PEGDA (labelled as Sample S1) prepared using the conventional RAFT agent 2-cyanoprop-2-yl dithiobenzoate (CPDB) had a strong absorption peak at the wavelength of 480 nm derived from the CPDB residues. These results highlighted the potential applications of the HB-PEGDA synthesized from the in-situ RAFT polymerization in optical areas. 
Construction of hydrogel-CPC composites
In general, the heat pre-treatment is an indispensable step for preparing hydrogel-CPC composites/inverted opals, because a certain mechanical strength is required to avoid colloid peeling or lattice distortion of the CPCs during the impregnation and gel formation steps. There are multiple pendent vinyl groups on the HB-PEGDA, which can be crosslinked to form hydrogels via diverse chemistry, such as such as photo-polymerization, thiolene Michael addition etc. Therefore, we propose to use an injectable hydrogel system composed of the HB-PEGDA and HA-SH to directly encapsulate the untreated CPCs ( Figure S5) . Briefly, the aqueous mixture solution containing 3% (w/v) HB-PEGDA and 0.5% (w/v) HA-SH (Glycosil®, ESI BIO) was transferred onto the untreated CPC film surface (Figure 2a) , and the gelation occurred spontaneously through the thiol-ene Michael addition reaction (Figure 2b and Figure 2c) . 54 After gelation, a purple to blue-green colour change (Figure 2d ) could be clearly observed. This is because the air interstices (refractive index = 1) of the CPC film were replaced by the hydrogel components (refractive index = 1.3 -1.5) ( Figure  S6 ), leading to an increase of the average refractive indexes and hence the red shift of the diffraction peak. The topview SEM image (Figure 2e) shows the colloid spheres were orderly embedded in the hydrogel with its closepacked plane (1 1 1) oriented parallel to the substrates. These features along with the narrow peak width ( Figure  S7 ) suggest that the direct impregnation of HB-PEGDA/HA-SH hydrogel into the untreated CPC film does not impose significant destructive effect on either its structure or optical performance.
To decipher the possible mechanism of the nondestructive effect, the gelation process of the HB-PEGDA/HA-SH mixture was studied through oscillation rheology analysis (Figure 3) . Significantly, a very quick gelation was observed as evidenced by the rapidly increased storage modulus (G'). And in general, a higher HB-PEGDA concentration or temperature would substantially speed up the gelation process (Figure 3a and Figure 3b) . Interestingly, the HB-PEGDA/HA-SH ratio has an interesting effect on the G' at the early stage of gelation: when a low (e.g., 2:1) or high (e.g., 8:1) ratio was used, a relatively lower G' was detected. In contrast, a moderate ratio (e.g., 4:1 and 6:1) led to a relatively higher G'. We speculate that when a low or high ratio was used, the less HB-PEGDA (or HA-SH) molecules were surrounded and stabilized by the excess HA-SH (or HB-PEGDA) to form aggregates or microgels (Case I or III in Figure 3c ). However, since the aggregates or microgels turn into the macroscopic hydrogel very quick, it is thus challenging to conduct extra intuitive measurements, such as DLS, SEM etc. to further confirm our hypothesis. In contrast, a moderate ratio lead to formation of macrogels (Case II of Figure 3c ). All the aggregates, microgels and macrogels were further crosslinked to form the macroscopic hydrogels in minutes. The three-dimensional (3D) and crosslinked network structure of the hydrogel stabilized and protected the crystal films spontaneously. Thus, the possible destruction during impregnation and gelation was omitted. To further confirm this, PEGDA monomer was directly used to fabricate the photonic hydrogels, the crystal films was dissolved and thus destructed immediately when the monomer was dropped onto the films. Furthermore, as Figure S8 shows, increasing the polymer concentration for hydrogel-CPC composites formation results in a sharp increase of the storage modulus. As the elastic properties of the hydrogel-CPC composites play important roles in a variety of cell processes, 55 this tuneable characteristic is significant for diverse bio-related uses. It should be noted that PEGDA monomer was also directly used to copolymerize with the HA-SH, however, as the rheological measurements show (Figure S9) , under the same polymer concentration, PEGDA/HA-SH cannot form hydrogels, which may attribute to the low molecular weight and relatively low vinyl group contents.
In addition to the protective effect, the injectable hydrogel also endows the hydrogel-CPC composites with robust optical performance. As shown in Figure 4a , over 7 days of incubation in phosphate-buffered saline buffer (PBS, 0.1 M) at 37 o C, the reflection peak of the HB-PEGDA/HA-SH photonic hydrogel remained almost constant, in sharp contrast with that of the conventional hydrogel networks. 56 This could be attributed to the low swelling feature of the HB-PEGDA/HA-SH hydrogel: the HB-PEGDA molecules with high vinyl group content (>60% , Table S1 ) manifest a three-dimensional (3D) structure with a relatively less flexibility in the interior, so when crosslinking by the HA-SH, a high amount of crosslinked junctions were formed, which led the globular HB-PEGDA molecules to bind up with each other closely, generating a very compact network structure with limited swelling ability. 57 Moreover, the HB-PEGDA/HA-SH hydrogel also enabled the composites to maintain a stable colour under various pH and temperature conditions (Figure 4b and Figure 4c ). The credible, consistent colours without any compromise in complex physicochemical conditions are especially appealing for the application of the hydrogel-CPC composites in bioencoding.
Biocompatibility of the HB-PEGDA/HA-SH photonic hydrogel
PEG and HA based components have been widely demonstrated for their excellent biocompatibility. Cytotoxicity of the HB-PEGDA polymer and HB-PEGDA/HA-SH photonic hydrogel was further evaluated by using LIVE/DEAD ® (Molecular Probes®) assays. 3T3 and HeLa cells were incubated with the HB-PEGDA polymer at the concentration ranging from 50 to 1000 μg/mL. As shown in Figure 4d , after 24 hours of incubation, for the both cell types, HB-PEGDA did not induce obvious cytotoxicity, even at the concentration of 1000 μg/mL, over 85% cell viability was preserved. The cytotoxicity test for the photonic hydrogel was conducted by mixing the cells into the HB-PEGDA/HA-SH mixture before transferring it onto the CPC surface (Figure 4e) . As shown in Figure 4f , over 80% of the embedded cells were viable in the composites over one week, indicating the high biocompatibility of the hydrogel. The live/dead images further show that only very few dead cells (red) were observed (Figure 4g-i) . The excellent biocompatibility would make the HB-PEGDA/HA-SH photonic hydrogel more desirable for applications in the fields such as bio-encoding etc.
Functionalization capacity of the HB-PEGDA/HA-SH photonic hydrogel
The multiple pendent vinyl groups impart the HB-PEGDA/HA-SH photonic hydrogel multiple reaction sites for functionalization. Theoretically, diverse functional components can be introduced into the photonic hydrogel through thiol-ene click chemistry or radical chemistry etc. Cell attachment capacity is a significant aspect to achieve cells-on-optical barcode platforms for bioencoding applications. To improve the cell attachment capacity, several cell adhesion molecules (CAMs) such as arginylglycylaspartic acid (RGD) peptide, and full-length proteins including collagen, fibronectin, etc. were introduced into the photonic hydrogels. However, due to the relatively large hydrogel pore sizes, complex physical or chemical bonding was usually required for efficient CAM encapsulation. As a proof-of-concept, here we introduced gelatina type of CAM that has been wide used to enhance cell attachment to our HB-PEGDA/HA-SH photonic hydrogel. By simply mixing the thiolated gelatin (Gel-SH), HA-SH and HB-PEGDA together and then transferred onto the CPC surfaces, the thiol groups in both Gel-SH and HA-SH reacted with the vinyl groups on the HB-PEGDA simultaneously and a HB-PEGDA/HA-SH/Gel-SH photonic hydrogel was prepared. Cell attachment studies showed that with the introduction of gelatin, the cell attachment ability of the photonic hydrogel was substantially enhanced. As shown in Figure 5 , on the HB-PEGDA/HA-SH/CPC hydrogel, the cells were substantially aggregated, even after 7 days of incubation. In contrast, the cells attached and distributed on the HB-PEGDA/HA-SH/Gel-SH/CPC much better. After 7 days, the cell density was increased significantly. Likewisely, amino acid, RGD peptide, collagen and fibronectin were also introduced into the photonic hydrogel by us. All these results demonstrated that the photonic hydrogel showed a high chemical space for further functionalization and diverse specific moieties therefore can be introduced to enhance its function in an easy manner.
CONCLUSION
In this work, PEG hyperbranched polymers synthesized from in-situ RAFT polymerization with DS as the RAFT agent precursor was used for direct encapsulation of CPCs towards bio-optical applications. Compared to the counterpart prepared by the conventional RAFT technology, the HB-PEGDA synthesized by the in-situ RAFT technology get rid of undesired coloration, benefiting its optical uses. Importantly, the 3D HB-PEGDA contains high amount of pendent vinyl groups and can be crosslinked to form hydrogel quickly, offering a good protective effect to effectively maintain the structural integrity of the CPC films during pregel impregnation and gelation processes. The hydrogel-CPC composite showed credible and consistent coloration under diverse complex solution and temperature conditions. Moreover, the hydrogel-CPC composite exhibits a good biocompatibility and it can be further functionalized easily to introduce specific functional moieties, such as the CAMs. In view of the easy-toimplement protocol, robust optical performance, excellent biocompatiblity together with the facile modification, we believe this novel type of structured photonic hydrogel will show great potential in bio-optical areas.
EXPERIMENTAL SECTION
Materials and reagents
Poly(ethylene glycol) diacrylate (PEGDA, average Mn = 700 g·mol -1 ), 2, 2'-azobis(2-methylpronitrile) (AIBN), tetraethylthiuramdisulphide (DS), gelatin, acrylamide, N,N'-methylenebis(acrylamide) (BIS), 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (DEAP), butanone, diethyl ether and hexane were purchased from Sigma-Aldrich and used as received. Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS), and penicillin/streptomycin were purchased from Invitrogen. Thiolated hyaluronic acid (HA-SH, Glycosil®, ESI BIO) was purchased from BioTime Inc. SiO2 nanoparticles were synthesized according to a published method. 58 Water used in all experiments was purified using a Milli-Q Plus 185 water purification system (Millipore, Bedford, MA) with resistivity higher than 18 MW·cm.
Polymer synthesis and characterization
HB-PEGDA was synthesized by homopolymerization of PEGDA through the in-situ RAFT approach. Briefly, the PEGDA monomer (180 mmol, 25 equiv.) was firstly dissolved in butanone (450 mL) at a monomer concentration of 0.4 mol·L -1 in a two-neck flask. Then, the initiator (AIBN 10.08 mmol, 1.4 equiv.) and chain transfer agent (CTA, DS 7.2 mmol, 1 equiv.) were added into the flask. The mixture was bubbled with argon for 30 minutes. The oil bath was pre-heated to 70 o C. The polymerization was then performed at 70 o C. The polymerizationwas monitored by an Agilent 1260 Infinity GPC system equipped with a refractive index detector, a viscometer detector, and a dual-angle light-scattering detector (LS 15° and LS 90°). GPC columns (PolarGel-M, 7.5 mm × 300 mm; two in series) were eluted with DMF and 0.1% LiBr at a flow rate of 1 mL/min at 60 o C. GPC columns were calibrated with linear poly(methyl methacrylate) standards. To measure the molecular weight and monomer conversion, GPC samples were taken at different time points. Briefly, 50 μL of reaction mixture was taken and then diluted with 1 mL of DMF, filtered through a 0.45 μm filter, and them measured with GPC. To stop the polymerization, the flask was quenched with ice water and exposed to air. The polymers were purified by precipitation with hexane/diethyl ether solution (1:2 v/v) three times and then dried in vacuum oven for 48 hours to remove the residual solvent. Molecular weights and polydispersity index (Đ, Mw/Mn) of the final polymers products were determined by GPC. To confirm the hyperbranched structures, Mark-Houwink plot alpha values (α) of the polymers were determined. To this end, 10 mg of polymer products were dissolved in 2 mL of DMF, filtered through a 0.45 μm filter, and then measured by the GPC and the α values were calculated from triple detector. Chemical composition and purity of the polymers were determined with NMR (Bruker, 400 MHz), polymers were dissolved in CDCl3, the chemical shifts were referenced to the lock CDCl3. UV-vis spectra of the polymers dissolved in deionized water (10 mg/mL) were recorded using the SpectraMax® M3 Multi-Mode Microplate Reader.
Fabrication of HB-PEGDA/HA-SH hydrogel and rheological measurements HB-PEGDA/HA-SH hydrogels were fabricated as follows: firstly, HB-PEGDA were dissolved in PBS buffers to a concentration of 2%, 4%, 6% or 8% (w/v), respectively. The commercially available HA-SH was diluted with PBS to a concentration of 1% (w/v) and its pH value was adjusted to 7.4 using 1 M NaOH solution. Then, the two solutions are mixed together with equal volumes (50 μL each) by vortex for 5 seconds. Afterwards, the mixture was transferred onto a parallel sample plate (diameter: 8 mm) for rheological measurements with a Discovery HR-2 Rheometer (TA Instruments). For a real-time crosslinking rheological study, an oscillatory time sweep was performed at 20 and 37 o C, respectively.
Construction of hydrogel-CPC composites and optical spectra measurement
The CPC film was prepared through a modified inwardgrowing self-assembly method. 59 Briefly, 150 μL colloidal suspension (solid content 2 wt%, SiO2 nanoparticle diameter 209 nm) was dropped onto a glass substrate and then moved to an oven to complete the crystallization at 25 o C with a relative humidity of 70%. Hydrogel-CPC composites were constructed by directly pipeting the aforementioned HB-PEGDA/HA-SH mixture solution (100 μL in volume) onto the CPC surface. Reflectance peaks of the CPC film were recorded by an optical microscope equipped with a fibre optic spectrometer (Ocean Optics, USB 4000) and all spectra were taken perpendicular to the (1 1 1) crystal planes (the sample surfaces).
Cytotoxicity test of the hydrogel-CPC composites
The Swiss albino mouse embryo tissue cell line 3T3, human cervical cancer cell line HeLa were purchased from the American Type Culture Collection (ATCC). They were cultured in Dulbecco's modified Eagle Medium (DMEM) containing 10% FBS and 1% Penicillin/Streptomycin (P/S) at 37 o C, 5% CO2, in a humid incubator under standard cell culture techniques. To evaluate the cytotoxicity of the HB-PEGDA polymer, the cells were seeded in 96 wellplate at a density of 8,000 cells/well in 100 μL medium. 24 hours later, the medium was replaced with 100 μL HB-PEGDA containing medium. The final concentration of the HB-PEGDA polymer in the medium was 50, 100, 250, 500 or 1000 mg·mL −1 , respectively. After incubation for another 24 hours, the cell viability was measured using LIVE/DEAD assays following the standard protocols. All the experiments were repeated at least four times.
To measure the cytotoxicity of the HB-PEGDA/HA-SH hydrogel-CPC composites, 3T3 or Hela cell suspension, HB-PEGDA, and HA-SH were mixed together and dropped onto the CPC surface, the final cell concentration was 1 x 10 6 mL −1 . The composites were then transferred into a 24-well plate and 1 mL full cell medium was added into each well. The cell culture medium was changed every day. LIVE/DEAD assays were employed to visualize the living and dead cells at day 1, 3 and 7, respectively following the standard protocols. All the experiments were repeated at least four times.
Cell attachment study of the HB-PEGDA/HA-SH/Gel-SH hydrogel-CPC composites
To fabricate the HB-PEGDA/HA-SH/Gel-SH hydrogel-CPC composites, in a 1.5 mL Eppendorf tube, 200 μL HB-PEGDA (8%, w/v), 100 μL HA-SH (4%, w/v) and 100 μL Gel-SH (4%, w/v) DMEM solutions were mixed simultaneously by vortex for 5 seconds, and then transferred onto the CPC surface in a 48 well-plate and kept undisturbed at room temperature to form the hydrogels by crosslinking. 30 minutes later, 200 μL of stably GFP expressing HeLa cell suspension (20,000 cells in total) were added on the top of the hydrogel-CPC composite gently and kept undisturbed for another hour. The plate was then transferred to the cell incubator slowly to make sure the cells were not detached. The cells were incubated following standard cell culture protocols for 7 days and the cell culture medium was changed at day 2, day 4 and day 6. The cells were observed and GFP images of the cells were taken at day 1, day 3 and day 7, respectively using a fluorescent microscope (Olympus IX81). The HB-PEGDA/HA-SH hydrogel-CPC composites were prepared with the same polymer and crosslinker concentrations and used as the control. All the experiments were repeated at least four times.
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